Abstract. Ginsenoside Rg1 has been reported to improve cognitive function in many memoryimpaired animal models. However, little is known about the bioactivity of its metabolites in the central nervous system in vivo. In the present study, we employed the step through test and electrophysiological approach to investigate the effects of ginsenoside Rg1's primary metabolite ginsenoside Rh1 and end metabolite protopanaxatriol (Ppt) on learning and memory as well as hippocampal excitability. The behavioral study showed that both ginsenoside Rh1 and Ppt significantly ameliorated memory-impaired models induced by scopolamine in mice. Consistently, the electrophysiological work revealed that ginsenoside Rh1 and Ppt as well as their precursor ginsenoside Rg1 all increased hippocampal excitability in the dentate gyrus of anesthetized rats. These results demonstrated that both ginsenoside Rh1 and Ppt had similar but more potent actions than ginsenoside Rg1 in improving memory and hippocampal excitability, suggesting the role of ginsenoside's sugar moieties in biological activities is not as necessary as traditionally considered.
Introduction
Ginsenosides (ginseng saponins) have been considered as the primary active ingredients in ginseng. More than forty ginsenoside analogues have been identified so far. All ginsenosides share a four-ring, steroid-like structure but with a different number of sugar moieties (glycones). Based on the number and position of their sugar moieties, ginsenosides are classified into two major groups: the 20(S)-protopanaxadiol and 20(S)-protopanaxatriol saponins. Therefore, the wide range of pharmacological actions of ginseng may be due to the variety of its active ingredients -ginsenosides. Because ginseng products are orally administered in most situations, ginsenosides are metabolized into analogues with fewer sugar moieties by gastrointestinal bacteria. For example, the 20(S)-protopanaxatriol ginsenoside Rg1 (Rg1) with two sugar moieties is normally metabolized into ginsenoside Rh1 (Rh1), the primary metabolite with one sugar moiety, and 20(S)-protopanaxatriol (Ppt), the end metabolite with no sugar moiety (1) (Fig. 1) , whereas the 20(S)-protopanaxadiol ginsenoside Rg3 (with three sugar moieties) is hydrolyzed into ginsenoside Rh2 (with two sugar moieties) and 20(S)-protopanaxadiol (Ppd, with no sugar moiety). Thus the diverse actions of ginsenosides perhaps also result from their metabolites in vivo, if the metabolites have any bioactivity.
Although it has been proposed that only ginsenosides with sugar moieties were the active components in vivo, a growing body of information from experimental studies starts to challenge this classical view. The pharmacokinetic studies revealed that the orally administered ginsenosides including ginsenoside Rb1 and Rg1 were poorly absorbed (2 -4), but the deglycosylated metabolic products of these ginsenosides reached relatively high concentration in the systemic circulation (5) . In pharmacological studies, the anti-tumor activities of 20(S)-protopanaxadiol ginsenoside Rb2, Rg3, and Rh2 (6 -9) had been proposed to be mediated by their aglycone metabolite Ppd (10, 11) . These experimental data lead to a hypothesis that the aglycone metabolite Ppd is the actual molecule exerting the anti-tumor actions of the ginsenosides.
In contrast to the anti-tumor action of other ginsenosides, Rg1 also exhibited significant effects on the brain function both in vivo and in vitro. It improved learning and memory in ten animal models including aged (12) and brain ischemia-reperfusion rats (13) . Rg1 was further proved to facilitate the acquisition, consolidation, and retrieval of learning and memory evaluated by passive avoidance test and Morris water maze test (14) . At the cellular level, Rg1 increased hippocampal excitability (15) . However, the low bioavailability of Rg1 and detectable level of Rh1 and Ppt in the systemic circulation or even in the brain tissue after orally administrated Rg1 raise the following two open questions: (1) Which component, Rg1, Rh1, or Ppt, contributes to Rg1's effect on the central nervous system (CNS) function? (2) Does the bioactivity of Rg1 and its metabolites in the CNS correlate to their number of sugar moieties?
To address the above questions, the present study assessed the effects of Rh1 and Ppt on learning and memory as well as hippocampal excitability with behavioral and electrophysiological approaches.
Materials and Methods

Animals
Male Kunming (KM) mice (18 -22 g ) were obtained from the Animal Center of the Chinese Academy of Medical Sciences (Beijing, China). Adult male SpragueDawley rats (250 -280 g) were provided by the National Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). After arrival, the animals were individually caged with food and water ad libitum and maintained at controlled environment (temperature: 22°C; moisture: 40% -50%) with a 12-h light-dark cycle. After 3 days of habituation to the step-through apparatus, animals then started to perform the passive avoidance experimental procedures. All experiments were carried out with the approval of the local laboratory animal care and use committee. Efforts were made to minimize animal suffering.
Drugs and agent preparation
Rg1, Rh1, and Ppt, all with purity of 95%, were purchased from Jilin University (Changchun, Jilin Province, China). For step-through and tail-flick tests, Rh1 and Ppt were individually triturated into fine powder before they were dissolved in double-distilled water (DDW) at the concentration of 1 mg/ml. For electrophysiological experiments, Rg1, Rh1, and Ppt powder were individually dissolved in physiological saline (0.9% NaCl, N.S.) to make stock solution at 4 × 10 −2 M and stored at −20°C. Stock solutions were then diluted to 4 × 10 −5 M or 4 × 10 −6 M with N.S. before application. HPLC-grade acetonitrile and ammonium formate were from Fisher Scientific (Fair Lawn, NJ, USA). Scopolamine was purchased from Sigma Chemical Co. (St. Louis, MO, USA). Donepezil hydrochloride was obtained from Xincat Pharmaceutical Co., Ltd., Zibo City, Shandong Province in China.
Behavioral test
Step-through passive avoidance test: The learning ability of each mouse was evaluated by the single trial passive avoidance test according to the literature (16) . Briefly, in the experimental session, each mouse was trained to adapt to the step-through apparatus (Taisho Pharmaceutical, Tokyo). The apparatus for the stepthrough passive avoidance test was an automated shuttle-box divided into an illuminated safe compartment and a dark shock compartment of the same size, separated by a wall with a guillotine door. An animal was put into the illuminated compartment, facing away from the dark compartment. After 10 s, the door between these two boxes was opened and the mouse was allowed to move into the dark compartment freely. When the mouse stepped into the dark compartment, an inescapable foot-shock (36 V) was delivered through the grid floor. The experiment was divided into learning and memory trials. During the learning trial, each mouse was permitted to enter the dark compartment and accept the electric shock twice. The retention of passive avoidance response, named the memory trial, was measured at 24 h after the learning trial. During the memory trial, each animal was put into the illuminated compartment and the latency of the first time to enter the dark compartment and the error number within 5 min were recorded. The maximum cut-off time for the latency was 300 s. The latency and the error number were used to assess the animal's memory. All training and testing was performed between 8 AM and 2 PM.
Drug treatment: One hundred and twelve mice were randomly divided into seven groups (16/each group). Scopolamine (1 mg/kg, i.p.) was administrated at 20 min prior to the learning trial. The positive drug control group or four test groups were orally administered donepezil hydrochloride (5 mg/kg), Rh1 (5 or 10 mg /kg), or Ppt (5 or 10 mg/kg) at 1 h before the learning trial with the same volume of DDW as the vehicle control. No animal died during drug administration.
Tail-flick test
The tail-flick test was used to observe the influence of Rg1, Rh1, and Ppt on pain threshold. KM mice were gently restrained on the tail-flick apparatus with tails free to test the tail-flick latency. Radiant heat from a 90-W bulb focused on the point of 2 cm from the tail end of the mouse. The basic latencies of all mice from the onset of the heat stimulus to tail-flick were recorded. Twentyfour hours later, each group of twelve mice was orally administrated Rg1, Rh1, or Ppt at 5 or 10 mg/kg, respectively, and the Control mice were orally administrated DDW. The latencies of tail-flick were recorded again one hour later to compare them with their respective basic latencies.
Electrophysiological approach
Surgical preparation: The animals were prepared as previously described (17, 18) . Briefly, rats were anesthetized with urethane carbamate (1.5 g/ kg, i.p.) before being placed on an SR-6N stereotaxic apparatus (Narishige Science Instrument, Tokyo). Three holes were sequentially drilled at 0.8-, 3.8-, and 7.5-mm posterior to the bregma and 1.8-, 2.5-, and 4.2-mm lateral to the mid-line for an outer guide cannula, a monopolar recording electrode, and a bipolar stimulating electrode, respectively. The outer guide cannula, recording electrode, and stimulating electrode were lowered into the lateral cerebral ventricle, the granular cell layer of the dentate gyrus, and the perforant path (PP), respectively. The synaptic responses were monitored by a VC-11 memory oscilloscope (Nihon Kohden, Tokyo). Once the locations of the cannula and electrodes were verified, they were kept in place for the whole experimental duration.
Measurement of evoked potentials: The population spike (PS) amplitude was employed to assess the excitation level of the granular cell population in the dentate gyrus. An evoked response was generated in the dentate gyrus granular cell layer by stimulating the PP at low frequency (0.033 Hz) with single constant current pulses (150 μs in duration) triggered by an SEN-7203 electrical stimulator (Nihon Kohden) through a SS-202J isolator (Nihon Kohden). After input/output curve determination, the baseline responses were evoked by a stimulus with an intensity to produce 20% of the maximal PS amplitude.
Intracerebroventricular (i.c.v.) drug delivery: Drugs or vehicle injections were delivered via a cannula in the lateral cerebral ventricle after 30 min of electrophysiological baseline measurement from the dentate gyrus of the contralateral hemisphere. The cannula was left in place to the end of the experiment after injection. The drugs or vehicle were injected at a 10-μl volume over a 5-min period via a Hamilton syringe. Drug doses were calculated on the basis that these drugs would theoretically achieve the brain concentrations required, assuming the brain volume to be approximately 2 ml (19) . Thus for an estimated brain concentration of Rg1, Rh1, and Ppt at 2 × 10 
Cerebrospinal fluid (CSF) collection and pretreatment
Fourteen rats were anesthetized with urethane carbamate (1.5 g/kg, i.p.) and fixed on a stereotaxic apparatus followed by unhairing, sterilizing, and cutting a 2-cm aperture at dorsi-mid of the cervical part. Referring to the literature (20) , muscles were slowly and softly separated to avoid hemorrhage and the occipital foramen was exposed. CSF was drawn out from the cisterna magna by a 1-ml injector. All the collected CSF was centrifuged at 3,000 rpm for 10 min and the supernatant was immediately mixed before being distributed into twenty tubes with 100 μl in each. All of these CSF samples were then divided into four groups (5 tubes/ each group) and labeled as N.S., Rg1/15 min, Rg1/30 min, and Rg1/60 min.
HPLC-MS detection
Waters Acquity UPLC TM BEHC18 was used for high performance liquid chromatography (HPLC) detection. The tandem mass spectrometry (ZQ4000) apparatus was from Waters. The temperature for the UPLC column (2.1 mm × 50 mm, 1.7 μm) and sampling was 40°C and 10°C, respectively. The step mobile phase consisted of acetonitrile (A, 10 mM) and ammonium formate (B, pH 3.0). The flow rate was 0.3 ml·min −1 and the injection volume was 10 μl. Ion sources were ESI + and ESI − , Corona: 3 KV. Desolvation and source block temperature was 350°C and 110°C, respectively.
Statistical analyses
All data were shown as the mean ± S.E.M. Statistical analysis of the data for multiple comparisons was performed by one-way ANOVA or by the t-test for twogroup comparison. P<0.05 was considered statistically significant.
Results
Effects of Rh1 and Ppt on memory-impairment
As shown in Table 1 , mice treated with scopolamine alone (animal model group) showed significantly shorter latency and significantly higher error number in the retention test compared to the vehicle control animals, indicating that the animals' memory was successfully impaired by scopolamine. In contrast, mice administered Rh1 (5 or 10 mg/kg), Ppt (5 or 10 mg/kg), or donepezil hydrochloride (5 mg/kg) before scopolamine exhibited significantly longer latency and significantly lower error number in the retention test compared to the animal model group, suggesting that these three compounds ameliorated the memory-impairment induced by scopolamine. More interestingly, the improving effect of Ppt at 5 mg/ kg on both latency and error number were stronger than that of Rh1 at the same concentration. Another interesting aspect was that Ppt at either dose (5 or 10 mg/kg) seemed to produce greater improving effect on both latency and error number than donepezil hydrochloride does even though the comparison was not statistically significant.
Effects of Rg1, Rh1, and Ppt on pain threshold Figure 2 shows that the latencies of tail-flick in the Control mice were not changed. There were no signifi- cant differences in the latencies of tail-flick between preand post-treatment of the mice that were orally administrated Rg1, Rh1, or Ppt (5 or 10 mg/ kg), which indicated that Rg1, Rh1, and Ppt influenced the cognitive function in the step-through test without effects on pain sense.
Effects of Rg1, Rh1, and Ppt on hippocampal excitability of anesthetized rats
After baseline responses were collected, Rg1, Rh1, Ppt, or N.S. was injected into the lateral cerebral ventricle. As shown in Figs. 3 and 4 , the PS amplitude did not change after N.S. administration over a 60-min recording period, indicating the hippocampal excitability was not affected. However, the PS amplitude increased after 5-min injection of Rg1, Rh1, or Ppt at dose of 2 × 10 −7 M and the increase was maintained for at least 60 min in each case. The enhancement of PS amplitude at 5 min after the injection of Rh1 or Ppt at dose of 2 × 10 −8 M is shown in Fig. 4 . Specifically, for 2 × 10 −7 M, the PS amplitude at 10, 30, and 60 min was 257 ± 45%, 298 ± 45%, and 321 ± 56%, respectively, in the Rg1 group (n = 6, P<0.01 vs. N.S.); 365 ± 60%, 435 ± 68%, and 462 ± 80%, respectively, in the Rh1 group (n = 6, P<0.01 vs. N.S.); and 400 ± 66%, 450 ± 68%, and 488 ± 72%, respectively, in the Ppt group (n = 6, P<0.01 vs. N.S.). The increase of PS amplitude after Rh1 or Ppt treatment was even larger than that in the Rg1-treatment group, which was also seen in Fig. 4 . There were no significant influence in PS amplitude for Rg1 at dose of 2 × 10 −8 M; and the PS amplitude at 10, 30, and 60 min was 114 ± 9%, 128 ± 18%, and 138 ± 17%, respectively. The more than 200% increase (compared to baseline) in PS amplitude for longer than 30 min indicated the formation of Rg1, Rh1, or Ppt-induced LTP in the hippocampal dentate gyrus.
Metabolism of Rg1 in CSF in vitro
Rg1 was added to 15 individual 100 μl CSF tubes to a final concentration of 2 × 10 −7 M, the same concentration as used in the hippocampal excitability experiments. The same volume of N.S. was added to 5 individual 100-μl CSF tubes for the control. The three groups (5 tubes /each) of Rg1 samples were each incubated in a water bath at 37°C for 15, 30, or 60 min before they were stored at −20°C for later assay. After thawing at room temperature, Rg1, Rh1, or Ppt in 10 μl CSF was detected by HPLC-MS. As shown in Table 2 , no matter how long (15, 30, or 60 min) Rg1 was incubated in CSF, Rh1 was detected at extremely low levels and Ppt was not detectable at all in contrast to Rg1 that still remained at high concentration, indicating that Rg1 was not significantly metabolized into Rh1 and Ppt in CSF in vitro. Furthermore, at a concentration as low as that in the incubated CSF, Rh1 did not affect the hippocampal excitability at all (data not shown). These results suggested that the effects of Rg1, Rh1, and Ppt on hippocampal excitability in the present study were exerted by themselves but not their downstream metabolites. In other words, Rg1, Rh1, and Ppt could improve hippocampal excitability as well as learning and memory by themselves.
Discussion
Alzheimer's disease (AD) is a neurodegenerative disorder characterized by impairment of cognitive function that has increasingly produced heavy economic and social burdens throughout the world. Unfortunately, there are currently only a few drugs such as donepezil and piracetam, with different shortcomings, available for clinic application. The discovery of one drug with both an effect to specifically improve memory and also low toxicity has been anticipated for years. Ginsenoside Rg1 was reported to have versatile effects on AD and could be a potential candidate for such a drug (21) .
The present study proved that Rg1, Rh1, and Ppt did not influence the animals' pain threshold, confirming the nootropic effects of Rg1, Rh1, and Ppt in the stepthrough test. In our study, the animals had been orally administrated Rh1 or Ppt of 2.5 mg/kg in the stepthrough test, which showed no effects on the cognitive function. The recently finished toxicological studies confirmed that no significant toxicity was observed after dogs were orally administered Rg1 at 500 mg/kg for two months. Mice were orally administrated Rg1 at 20 g/ kg for seven days and none of them died. From all the above-described observations showing the very low toxicity of Rg1, Rh1 and Ppt were deduced to be highly safe like their precursor Rg1.
The present study demonstrated that Ppt had similar effects on CNS function as its precursor Rg1, which resembled the anti-tumor action of Ppd mentioned above (10, 11) . Rg1, Rh1, and Ppt exhibited improving effects on both memory-impairment and hippocampal excitability in behavioral tests and electrophysiological study, respectively. The result of Rg1's metabolism in CSF in vitro indicated that prototype (Rg1) and metabolites (Rh1 and Ppt) exerted similar bioactivities by themselves. This is of particular interest since the potency and duration of the pharmacological effect of Rg1 on CNS functions can be further enhanced by its metabolites in vivo. These results also provide an explanation for why a low dose (5 -10 mg/kg) (14) of Rg1 with poor absorption (3, 4) produced so many pharmacological actions. Because Rg1, Rh1, and Ppt have progressively decreased number of sugar moieties, these results further suggest that there is no correlation between sugar moieties and the bioactivities of ginsenosides. Moreover, fewer sugar moieties provide Rh1 and Ppt with higher liposolubility and stronger capability of passing through the blood brain barrier, and thus increase the concentration and enhance the pharmacological action of these ginsenoside metabolites in the CNS. In other words, metabolites Rh1 and Ppt, especially Ppt, could be more potential candidates as drugs with activity in the CNS.
LTP is one form of neural plasticity and provides a good model for studying learning and memory at the cellular and synaptic levels (22) . LTP has also been used as a tool for screening nootropic drug candidates. Exercise-induced improvements in behaviors of learning and memory have been directly associated with an increase in synaptic plasticity (23, 24) . Conceivably, a drug showing activity to induce LTP should also improve learning and memory in vivo. Consistently, the present study demonstrated that Rg1, Rh1, and Ppt improved both memory and hippocampal excitability. This might represent one more example to support the correlation between LTP and memory.
Extraction from ginseng is the only way to obtain ginsenosides at present. No ginsenoside has yet been successfully synthesized, although many attempts have been made. One of the difficulties is the synthesis of the sugar moieties attached to the steroid-like structure. The present results showing that ginsenoside analogues with fewer or even no sugar moieties produced a similar or even more potent effect on CNS functions may provide an experimental basis for synthesizing ginsenoside alternatives without facing the difficulty of sugar synthesis.
Investigations showed that Rg1 increased the level of acetylcholine, M-receptor density, cAMP, PKC, p-CREB, BDNF, and Fos from the first to the fourth messengers (25 -27) , which were considered to contribute to cellular mechanism of LTP and cognitive function (22) . The mechanisms for Rh1 and Ppt have been studied by many researchers. Because the effect of scopolamine was due to its anti-cholinergic effect, we deduced that Rh1 and Ppt could influence the cholinergic systems.
In conclusion, both ginsenoside Rh1 and Ppt have similar memory-improving effects to their prototype ginsenoside Rg1 in the behavioral test and electrophysiological study. Rg1, Rh1, and Ppt exhibited their CNS actions by themselves. Moreover Ppt and Rh1 seem to be more potent candidates than Rg1.
